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Abstract
Deformation of hydrided Zircaloy-4 has been examined using in situ loading of hydrided micropillars in the scanning
electron microscope and using synchrotron X-ray Laue microbeam diffraction. Results suggest that both the matrix and
hydride can co-deform, with storage of deformation defects observed within the hydrides, which were twinned. Hydrides
placed at the plane of maximum shear stress showed deformation within the hydride packet, whilst packets in other
pillars arrested the propagation of shear bands. X-ray Laue peak broadening, prior to deformation, was associated with
the precipitation of hydrides, and during deformation plastic rotation and broadening of both the matrix and hydride
peaks was observed. Post-mortem TEM of the deformed pillars has indicated a greater density of dislocations associated
with the precipitated hydride packets, while the observed broadening of the hydride electron diffraction spots further
suggests that plastic strain gradients were induced in the hydrides by compression.
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1. Introduction
Zirconium alloys are widely used as nuclear fuel cladding
material and readily absorb hydrogen during service in a
pressurized water reactor (PWR) primary circuit environ-
ment. Possible mechanisms allowing hydrogen to be ei-
ther generated in or introduced into the clad material in-
clude corrosion, radiolysis of water, fuel oxidation and dis-
solved coolant hydrogen [1]. Although able to accept up to
50 at.% hydrogen in solid solution at temperatures above
500◦C, as temperature decreases, so does the alloy’s ability
to accommodate hydrogen in solution. At room tempera-
ture, the solubility may be as low as 10−4 at.% [2]. This
leads to the formation of embrittling zirconium hydrides,
particularly during cooling from the operating tempera-
ture (∼ 350◦C).
Hydride formation is generally considered detrimental
to mechanical properties and results in decreases in frac-
ture strength, impact strength and tensile ductility at slow
strain rates [2]. The extent of hydride embrittlement on
the accommodating Zr matrix is found to be critically de-
pendent on both their morphology and orientation relative
to the applied load direction [2]. Although the texture of
zirconium alloys can be controlled so as to promote hy-
dride precipitation in relatively benign orientations, hy-
drides can reorient to undesirable orientations (perpendic-
ular to load direction) during cooling under an applied
tensile stress [3–5]. Enhanced hydride nucleation is read-
ily observed within the highly stressed region of a crack
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tip and, together with hydride reorientation under a ten-
sile stress, results in the initiation of the intermittent crack
growth process known as delayed hydride cracking (DHC).
DHC was initially not considered a major issue at temper-
atures below 200◦C [6], but reports of component failures
after long term room temperature storage [7] have led to
greater attention to this phenomenon.
Individual zirconium hydrides display a characteristic
acicular, or plate-like, morphology with a habit plane par-
allel to {0002}Zr. A {101¯7}Zr habit plane is found for
the macroscopic hydride packets observed by optical mi-
croscopy, which was studied by transmission electron mi-
croscopy (TEM) by Chung et al. [8], Figure 1(a). The plate
size and morphology is a consequence of transformation
strains, and have been rationalised with the phenomeno-
logical theory of martensite transformations [9–12]. Indi-
vidual nano-hydride platelets are autocatalytically nucle-
ated in macroscopic hydride packets, several µm in length,
via a process of strain accommodation. The sharp tips of
these nano-hydrides have been observed to punch disloca-
tion loops into the surrounding Zr matrix [13, 14], illus-
trated in Figure 1(b)1. These shear loops should be dis-
tinguished from the prismatic loops that can be observed
due to irradiation. It should also be noted that the dis-
locations observed around surface hydrides generated by
electropolishing or around hydrides induced by quenching
may not be representative of the state where hydrides form
on slow cooling.
1The reader should note that there is a concern in the community
as whether the hydrides studied in Carpenter et al. [14] were artefacts
introduced by polishing. In addition, Carpenter et al. studied γ
hydrides, not δ-ZrH
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Figure 1: (a) Hydride habit planes in α-Zr: {101¯7} for macroscopic
hydride packets and {0002} for microscopic hydride platelets (illus-
tration adapted from [8], (b) Dislocations generated by the nucle-
ation of hydride precipitates in the Zr matrix (illustration adapted
from [14], (c-d) Optical micrographs of electrolyically hydrided, hot-
rolled and recrystallised Zircaloy-4 before (c) and after (d) annealing
heat treatment to promote both grain growth and intragranular hy-
dride precipitation.
In recent years, the field of experimental small scale
micromechanics has grown dramatically. Demonstration
experiments performed on the deformation of pillars, 1-
10µm in width, have highlighted the potential of in situ
synchrotron X-ray Laue microbeams to probe the defor-
mation response of materials [15–17], although only ideal
or ‘model’ materials have been examined. Changes in lat-
tice structures, such as rotation gradients and sub-grain
formation, have been observed through diffraction peak
evolution. The sensitivity of microbeam diffraction to de-
fect structures has also enabled the study of dislocation
density evolution through both the streaking and broad-
ening of diffraction peaks. It is therefore timely to ask
if such experiments can provide useful insights into the
deformation response of real, industrial, micromechanics
problems such as that of hydrides in zirconium.
In the present work, we examine the deformation be-
haviour of electrolytically hydrided Zircaloy-4 Focussed
Ion Beam (FIB) milled micropillars. Loaded in compres-
sion and oriented at approximately 45◦ to the loading axis,
the hydride plates were positioned near to the plane of
maximum shear. First, in situ testing in within a Scan-
ning Electron Microscope (SEM) chamber is presented in
order to elucidate the general deformation behaviour of
the pillars. Then, the evolution of the diffraction patterns
obtained by in situ microbeam synchrotron Laue diffrac-
tion is examined. Finally, the post-loading dislocation
states are explored via (Scanning) Transmission Electron
Microscopy, (S)TEM, using thin foils FIB-milled from the
deformed pillars.
2. Experimental
Electrolytic hydriding was carried out in dilute sul-
phuric acid (1% H2SO4) at 65
◦C (±5◦C) using a current
density of 2 kAm−2. Heat treatment then interdiffused the
hydrogen uniformly through the sample and a slow furnace
cool promoted the formation of stable δ hydrides. The Zr
texture acquired through hot rolling aligns the basal poles
perpendicular to the rolling direction (±20◦)[18] and Fig-
ure 1(c) highlights the resulting hydride alignment due
to the known (0002)Zr‖(111)ZrH orientation relationship.
Hydride precipitation readily occurs at α-Zr grain bound-
aries, and to avoid this the sample was annealed at 830◦C
for 24 h to promote both grain growth and precipitation of
intragranular hydrides. Figure 1(d) shows the microstruc-
ture and hydrides after the applied heat treatment.
A grain of interest with its {0002} close to 45◦ from
the sample surface was identified using electron backscat-
ter diffraction (EBSD) and, for pillars to be used during
in situ diffraction experiments, sliced to produce a thin
wedge with a 50µm platform edge for fabrication. In situ
SEM pillars were produced directly from the bulk. Slice
and view FIB milling, Figure 2(a), coupled with sample
surface EBSD analysis located hydrides oriented near 45◦
from the loading axis. Perpendicular focussed ion beam
(FIB) milling (30keV with a final polishing step of 30pA),
was then used to produce pillars with a slight taper and
aspect ratio of ∼3:1. In this geometry, one end of the pil-
lar remained part of the bulk while the other was a free
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Figure 2: (a) Secondary electron micrograph of surface trench fabri-
cated through perpendicular FIB milling in order to observe hydride
orientation with respect to loading axis. Location of subsequent pil-
lar with respect to hydride is outlined, (b-c) Simplified schematics
of loading rigs used during in situ micropillar compression: (b) in
situ SEM set-up: Alemnis SEM indenter fitted within an SEM cham-
ber, (c) in situ diffraction set-up with a customised nano-indentation
loading rig incorporating a Hysitron indenter.
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Figure 3: Load-displacement curves (with inferred secondary stress axis) obtained from in situ SEM compressive loading of both as-received
(AR1) and hydride-containing (H1, H2) micropillars. The yield points are identified. Micrographs corresponding to points (a)-(c) in each
loading curve are shown in Figures 4, 6 and 7.
surface. All the FIB milling presented here was performed
using an FEI Helios Nanolab600 FIB-SEM.
In situ SEM micro-compression experiments were per-
formed using an Alemnis SEM indenter placed in a Zeiss
Auriga FIB-SEM, Figure 2(b). The indenter stage was
oriented at 30◦ to the electron beam, ensuring adequate
visibility of the pillar sides. A single crystal diamond flat
punch tip with a 10µm end diameter was used as the com-
pression anvil.
Microbeam X-ray Laue diffraction experiments were
carried out using a custom-built nano-indentation loading
rig utilising a Hysitron indenter at beamline B16 at Dia-
mond Light Source, Figure 2(c). Preliminary experiments,
not shown here, also used the facilities of ALS (Advanced
Light Source) and APS (Advanced Photon Source). The
fabricated pillars were located and positioned beneath a
flat punch indenter using a top mounted light microscope,
with the compression axis perpendicular to the incident
beam. A 3-axis stage allowed for accurate positioning.
Once located and centred beneath the 10 µm diameter
diamond indenter, the pillars were exposed to a polychro-
matic X-ray beam, with an energy range of 4-24 keV, in
a transmission geometry. Kirkpatrick-Baez mirrors were
used to focus the X-ray beam to produce a beam of 0.8-1
µm (FWHM). A large area (3056 x 3056 pixel, 31µm pixel
size) CCD detector (ImageStar 9000 area detector, Pho-
tonic Science Ltd) at a sample-detector distance of ∼ 100
mm was used to record a Laue pattern every 40 s, with an
exposure time of 1 s. All the results presented here were
obtained from load-controlled testing carried out at a load-
ing rate of 10µN s−1, which for the 3×3µm square pillars
used for the X-ray experiments corresponds approximately
to 1.1 MPa s−1 at the top of the tapered pillar.
Due to the limited number and distorted nature of the
generated Laue spots, lattice orientation determination via
collective spot indexing directly from the Laue patterns
was not possible. Instead, the crystal orientation of the
pillars was established using EBSD. A 36 × 29µm map
with a 0.1µm step size was produced. The expected Laue
diffraction patterns were then simulated to verify the ori-
entation. After compression, lattice rotation was investi-
gated using EBSD of the front facing pillar surfaces. Low
current (30 pA) parallel FIB-milling was used to produce
the flat, polished surfaces required.
In order to gain insight into the operative deformation
mechanisms, deformed micropillars were examined by site-
specific TEM. During preparation of the TEM foils, the
pillars were tilted at 52◦ to place their surface normals
parallel to the Ga+ beam. Pt was deposited to cover the
pillar surface before trenches were FIB-milled either side
at 30 keV and 21 nA. Once thinned, the foil was lifted out
using a microprobe and attached, via Pt-deposition, to a
Cu grid. Further polishing at varying tilts around 52◦, at
progressively lower accelerating voltages (down to 2 keV),
attained an electron transparent section suitable for TEM
analysis.
3. Results
3.1. In situ SEM microcompression
In situ SEM micropillar compression tests were con-
ducted on as-received Zircaloy-4 (pillar AR1) and two hy-
dride containing Zircaloy-4 pillars (H1 and H2). All three
pillars were fabricated from different grains of the same
sample. The sample, having undergone an annealing heat
treatment to increase its grain size, contained multiple in-
tragranular macro hydride packets.
The load-displacement curves are shown in Figure 3,
and include a secondary nominal stress axis. The conver-
sion has been made using the measured mid-height sam-
ple cross-sectional area and nominal length, based on SEM
measurements; it should be appreciated that such conver-
sions are approximate. During the compression of the un-
hydrided sample AR1 (Figure 3a) linear elastic loading
was observed up to ∼ 530 MPa, where macroscopic yield-
ing occurred. This strength is greater than that for the
bulk alloy, which has a strength of 370–460 MPa [19].
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Figure 4: Evolution in the appearance of the as-received pillar sample
during loading, at the points identified in Figure 3. Shortly after
yielding, a shear band can be identified, followed by the appearance
of a second shear band which is present only in the lower section of
the pillar.
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Figure 5: FIB-milled surface of the unhydrided sample AR1 after
deformation. (a) SE micrograph of the sample surface, showing the
location of the slip band, (b) outline of the pillar encased in the
protective Pt deposit, (c) EBSD map of the pillar (IPF coloured)
and (d) orientations of the material above and below the shear band.
Figure 4 shows the sample surface appearance at points
(a)-(c) highlighted during the loading curve in Figure 3(a).
Deformation initiated at the top corner of the pillar, Fig-
ure 4b, and produced a shear band (1) inclined ∼ 40◦ from
the loading axis. As deformation proceeded, a secondary
shear band (2) formed, perpendicular to (1) and approxi-
mately 50◦ to the loading axis. Investigation of the crys-
tallographic rotations that occurred during loading, due to
the effect of constraint from the platen and built-in end,
was then carried out using EBSD. FIB milling was used to
remove the pillar from the substrate and to polish a flat
surface for EBSD examination, in the same manner as that
used for TEM preparation. Shear band (2) in Figure 4(c)
resulted in a rotation about the {0001} axis, indicative of
<a> slip in the Zr matrix, Figure 5.
Loading curves for the hydrided pillars H1 and H2 are
shown in Figure 3(b-c). Both yielded at greater loads than
the as-received material; 1600 and 900 MPa compared to
530 MPa. Sample H1 also displayed significantly greater
work hardening; the test of the second hydrided sample H2
2 µm 2 µm
2 µm
Shear band 
(1)
Shear band 
(2)
a) b)
c) d)
1 µm
(1)
(2)
0 mN/ 0 MPa 16.5 mN/ 1780 MPa
17.8 mN/ 1900 MPa
200 nm
e) f )
200 nm
Stacked microscopic
hydride platelets
Figure 6: Evolution of hydrided sample H1 during deformation (a)-
(c), plus observation of the sample after loading with improved reso-
lution (d). The location of hydride packets (1) and (2) are outlined.
The red circles indicate the first (b) and second (c) shear bands
to form, (e)-(f) SE images of each side of the hydride packet after
compression showing evidence of slip between the individual stacked
platelets (pillar orientation: [0001]α ∼ 30◦ to loading axis).
was halted shortly after yield in order to attain a smaller
amount of deformation for subsequent TEM analysis.
SEM images of hydrided sample H1 during testing are
shown in Figure 6. Two distinct hydride packets were
observed, (1) and (2) in Figure 6(d). EBSD performed on
the top surface of the sample prior to machining of the
pillars indicated that these hydrides were in twin-related
orientations. At the point of yield, the formation of shear
bands towards the top of the pillar was observed, indicated
by the red circle in (b). These slip traces appeared to arrest
at the adjacent hydride packet, without penetrating into
the material below. Instead, at (c), a second shear band
appeared, near the twin hydride – matrix interface.
The primary shear band is intersected by the parent
hydride packet and post-mortem analysis has indicated
plastic deformation within the hydride packet itself. Fig-
ure 6(e-f) presents evidence of slip traces spanning the
width of the hydride packet sitting across the pillar. This
is consistent with the occurrence of slip between the indi-
vidual microscopic hydride platelets that stack up to form
the larger, and more readily observed, macroscopic pack-
ets. EBSD carried out on pillar H1 prior to loading es-
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Figure 7: Evolution of hydrided sample H2 during deformation (a)-
(c), and observation of the sample after loading with improved resolu-
tion (d). In (d), the hydride packets are outlined; red circles indicate
the first (b) and second (c) shear bands to form (pillar orientation:
[0001]α ∼ 55◦ to loading axis).
tablished that the (0002) plane normal was oriented ∼ 30◦
from the pillar (loading) axis. This is consistent with the
angle of the observed shear bands suggesting shearing con-
sistent of rigid body displacement of the hydride platelets
(where ZrH{111}‖Zr{0002}). The association between the
macro-hydride plates and micro-hydride platelets is often
considered in terms of the individual stacking of platelets
along the {101¯7}, consequently providing an apparent near
basal trace. However, the nature of the hydrides observed
after compression in H1 suggests a different stacking ori-
entation across the macroscopic packet.
SEM images of H2 during compression are shown in
Figure 7 where (a–c) correspond to (a–c) in Figure 3c.
Macroscopic hydride plates oriented ∼ 40◦ to the loading
axis are visible in Figure 7d, outlined. As loading pro-
ceeded, strain localisation was initially observed along, or
close to, the hydride-matrix (ZrH-Zr) interface, Figure 7b.
Further loading resulted in deviation away from this initial
slip path and into the neighbouring Zr matrix. However,
this was unable to be maintained and slip reinitiated along
the ZrH-Zr interface at the base of the pillar. The corre-
sponding points along the stress-strain curve indicated a
small strain burst at (b), where initial deformation along
the ZrH-Zr interface was observed (Figure 7b). A small
region of strain hardening, potentially stemming from the
slip path deviation and retardation in the adjacent matrix,
was observed prior to macroscopic shearing at (c), a strain
of ∼ 7%.
After compression the second hydride-containing pil-
lar, H2, was removed from the bulk and FIB-polished to
produce the flat surface required for EBSD analysis. Fig-
ure 8 summarises the data obtained. Two distinct hydride
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Figure 8: FIB-milled surface analysis of the hydrided sample, H2, af-
ter deformation. (a) SE micrograph of the sample surface highlight-
ing the location of the hydride packets and the location of the cor-
responding EBSD map, (b) EBSD map of the pillar (IPF coloured),
(c) Misorientation profiles, from a reference point at the beginning
of each line profile, across three regions within the hydride packets,
(d) Orientations of the hydride at locations (1) and (2), represented
by green and black crosses respectively.
orientations were observed (1) and (2) within the EBSD
map (b) and in the corresponding misorientation profile
(c1) the boundary was found to have a misorientation of
∼ 25◦ (referring to the starting point of the line scan). A
continuous change in orientation was observed along hy-
dride packet (2), c2 and c3.
3.2. In situ x-ray Laue diffraction microcompression
3.2.1. Mechanical behaviour
In situ ‘pink’ microbeam Laue diffraction experiments
were carried out during the compression of an unhydrided
Zircaloy-4 pillar (ARL1) and two hydride-containing Zircaloy-
4 pillars (HL1 and HL2). The load-displacement curves are
shown in Figure 9. Pillars were fabricated from a single
large grain with its c-axis ∼ 40◦ to the loading axis; how-
ever, the loading response was strongly dependent on the
microstructure of the pillar.
During the loading of the unhydrided pillar ARL1, Fig-
ure 9, linear elastic loading was observed until a strain
of ∼ 1.5% was reached, at a load of ∼ 3.6 mN. Beyond
this point, intermittent plastic strain bursts were observed.
The plateau corresponds to the 180 s load hold that was
imposed in each case prior to unloading. Figure 10(a1)-
(a2) compares SEM images of ARL1 before (a) and after
(b) compression. Very little z-axis rotation (about the
beam) was observed, and in addition several slip traces
were observed towards the base of the pillar.
Figure 9 also presents the load-displacement data for
HL1. The point of yield cannot be clearly identified. Once
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Figure 9: Load-displacement curves (with inferred secondary stress axis) obtained from in situ diffraction compressive loading of both as-
received (ARL1) and hydride containing (HL1, HL2) micropillars. For ARL1, the Laue diffraction patterns corresponding to points b1-b4 are
shown in Figure 15, whilst points 1-8 on the loading curves for HL1-HL2 refer to the diffraction patterns in Figure 16.
plasticity had begun, as with ARL1, intermittent strain
bursts were observed. Figure 10 compares SEM images of
HL1 before (b1) and after (b2) compression and shows dis-
tinct deformation predominantly in the bottom and mid-
sections of the pillar. The majority of the slip traces ob-
served were remote from the major hydride packet towards
the top of the pillar, but their plane was similar in orien-
tation to that of the packet. In addition, the rotation of
the pillar was more apparent towards the top of the pillar,
in the region of the packet.
For hydrided pillar HL2, linear elastic loading was ob-
served until approximately 600 MPa. In this sample, ho-
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Figure 10: Secondary electron images of the as-received pillar, ARL1
(a), and both hydride-containing pillars - HL1 (b) and HL2 (c). (1)
refers to before compression and (2) refers to after. The locations of
the hydride packets before deformation in pillars HL1 and HL2 are
shown.
mogeneous and continuous but limited strain hardening
was observed until the load hold. Before-and-after micro-
graphs of the pillar, Figure 10(c1−2) show that a distinct
slip band was produced near the plane of maximum shear,
close to the {0002}Zr and just below the hydride packet.
3.2.2. Diffraction data
The intensity distribution of a Laue diffraction spot,
from a well focused beam, is a consequence of (a) the
energy distribution and divergence of the incident beam,
(b) the sampling of the illuminated object by the beam,
and (c) microstructure within the object. Therefore, for a
sample larger than the beam with uniform crystal orienta-
tion and lattice spacings, a near-perfect, circular diffrac-
tion spot will be obtained. Deviations of plane spacing
and orientation gradients will introduce structure into the
Laue spot [20, 21].
Within a diffraction pattern, the structure of the spots
from a material containing defects is a consequence of the
strain fields and lattice curvatures present within the il-
luminated volume. In some special cases these can be
uniquely determined, but in many others, these are non-
unique and hypotheses must be tested; such hypotheses
may be found to be consistent with the observed spot
structure.
Initial peak shape. The crystal orientation of the pillars
was established using EBSD, at a location just below the
linear array of pillars. These experimentally observed Laue
reflections were then indexed by manual comparison with
simulated patterns generated using the CrystalDiffract soft-
ware. Using the hcp (P63/mmc) crystal structure with lat-
tice parameters a = 3.2276 A˚ and c = 5.1516 A˚ produced
the Laue pattern simulated in Figure 11(b), allowing direct
comparison to the experimental data, Figure 11(a). Fig-
ure 11b is colour coded with respect to diffraction peak
intensity and the distinct, high intensity, reflections high-
lighted correspond to the experimentally observed reflec-
tions (1¯21¯0) and (21¯1¯0).
6
(2110)
(1210)
High 
SF
Low
SF
High 
SF
Low
SF
X
Y
Z
a)
b)
500 pixels
Figure 11: Indexing of experimental diffraction spots by comparison
with simulated Laue diffraction patterns. (a) experimental diffrac-
tion pattern from hydride-containing pillar HL1. (b) simulated pat-
tern developed using the crystal orientation of the sample obtained
from EBSD. Both intensity scales are presented in terms of scatter-
ing factors (SF), and the origin corresponds to the position of the
undiffracted (straight-through) beam.
The intensity distribution of each Laue spot observed
in hydride containing pillars HL1 and HL2 prior to loading
was highly asymmetric, with streaking occurring predom-
inantly away from the transmitted beam, with an intense
maximum at the centre of each streak. Figure 12(a-c)
compares the (21¯1¯0) reflections of ARL1, HL1 and HL2.
Notably, AR1 has a far more symmetric peak than the
hydride-containing pillars prior to deformation. Multiple
small scale testing experiments have recorded peak broad-
ening prior to deformation [22–24], and this has been at-
tributed to the presence of deviatoric elastic strain or ori-
entation gradients within the probed volume [25]. Inves-
tigation into the effect of sample preparation on initial mi-
crostructure has indicated a distinct correlation between
FIB milling and the presence of structural defects, for ex-
ample high dislocation densities [26, 27]. This leads to the
assumption that the asymmetry of the initial reflections
prior to loading for ARL1 is an artefact of the pillar prepa-
ration process. In contrast, the much enhanced streaking
of HL1 and HL2 must be a consequence of the presence of
the hydride phase.
Figure 12(d-f) illustrates a hypothesis as to the origin
of this enhanced streaking in the hydride-containing pil-
lars. Considering HL1 first (b and e), two distinct maxima
d) e) f )
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Figure 12: Variation in initial (21¯1¯0) reflections for the as-received
pillar ARL1 (a), and both hydride-containing pillars HL1, HL2 (b-
c), before loading. Distinct maxima are highlighted in (b-c). (d-f)
provide a hypothesis are to the source of the distinct maxima from
differing locations in the gauge volume (orange) in each pillar. The
white arrows point towards the origin of each pattern.
can be observed, (I) the principal Zr peak and a second,
much fainter peak (II), which is at a different radial posi-
tion. This can be described by the fcc (Fm3m) δ-ZrH1.66
phase, with a = 4.768 A˚. If the beam was primarily encom-
passing the Zr phase, with a small portion of the hydride
phase, a diffraction pattern of this nature is expected.
Moving on to consider HL2 (c and f), a third maximum
was observed. This can consistently be described by a sec-
ond hcp Zr orientation, with the same lattice parameters.
This is depicted in (f), illustrating the situation where the
top and bottom of the pillar are in slightly different orien-
tations, separated by a hydride packet. In addition to the
multiple peak maxima, extensive peak streaking is also ob-
served in HL2, with reduced streaking also shown in HL1.
This is considered to be due to the presence of induced
coherency strain gradients within the matrix surrounding
the precipitated hydride [13].
Using the orientations of the α-Zr and δ-hydride es-
tablished by EBSD, the combined Laue pattern for both
phases was generated, Figure 13(a). Thus, the δ-ZrH (22¯0)
peak appears just inside the α-Zr (21¯1¯0) peak, as observed
in Figure 12(b). This is constant with the known orien-
tation relationship, (0002)α ‖ (111)δ. An elastic strain,
changing the c/a ratio, as examined in Figure 13(b), does
not generate motion of the (21¯1¯0) Zr peak, and therefore
cannot be attributed to Zr peak (III) in Figure 12(c).
The effect of crystal rotations and shears on the ex-
pected diffraction patterns is shown in Figure 14. All of
these produce radial rotations on the detector, with the ex-
ception of rotation of the crystal about the beam (z) axis,
which only produces azimuthal rotation. Therefore it can
be stated clearly that crystal rotations and/or shears can
account for the observation of the secondary α-Zr maxi-
mum (III) in Figure 12(c). The three maxima observed
cannot be explained by a continuous, homogeneous defor-
mation around the hydride, but are consistent with the
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Figure 13: Simulated diffraction patterns (a) for the two phases and
(b) effect of increases in the α-Zr axial ratio (c/a). The ZrH spots
are in red and the Zr spots in grey. The direction and size of the
arrows indicates the effect of increases in c/a.
1210
2110
Figure 14: (a-c) Effect of crystal rotations and (d-f) effect of (10◦)
shears of the unit cell on the simulated Laue diffraction patterns.
The colour of the spots indicates their intensity, the dotted box the
outline of the detector and the magnitude and direction of the arrows
indicates the effect on the peaks. The ((21¯1¯0) and (1¯21¯0) reflections
are highlighted.
depiction in Figure 12(f).
Evolution during compression. During loading, diffraction
patterns were recorded every 40 seconds. Figure 15(b)
shows the evolution of the (21¯1¯0) peak during loading of
the unhydrided pillar AL1. The initially well-defined Laue
peak (b1) first began to broaden and rotate (b2). As it was
loaded, it rotated to a smaller diffraction angle, indicative
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Figure 15: In situ compression of the unhydrided pillar, AL1. (a1)
shows the pillar after deformation and outlines the location of the
EBSD map presented in (a2). (c1-c2) show the misorientation pro-
files across lines (1) and (2) labelled in (a2). (b1-b4) track the evo-
lution of (21¯1¯0) peak with increasing load, at the points identified in
Figure 9 (the white arrows point towards the origin of each pattern)
and (d) shows the expected effect of twinning on the corresponding
diffraction pattern; (dinset) illustrates the orientation of both parent
and twin crystals.
of both deviatoric elastic loading and plasticity. As load
was increased further, a number of subsidiary maxima ap-
peared (b3), which were adjacent to the original diffraction
peak. At the end of loading, extensive streaking away from
the transmitted beam was observed, coupled with peak
splitting of the sub-peak perpendicular to the dominant
axis. These peak characteristics remained on unloading.
Post mortem analysis of AL1 through electron microscopy
(a1) and EBSD mapping of the deformed surface (a2, c)
revealed the presence of an extension {101¯2} twin at the
base of the pillar, characterised by its 85◦ misorientation
around {101¯2} [28]. Interestingly, the streaking away from
the transmitted beam with subsidiary maxima may be in
part due to this twin, with the extra peak corresponding
to the (123¯4) peak from the twin.
Figure 16 shows the evolution of the primary diffrac-
tion peaks observed in hydride-containing pillars HL1 and
HL2 during loading. For HL1, both the (21¯1¯0) and (1¯21¯0)
reflections were visible. Notably, in HL1, the initial (21¯1¯0)
peak was spread over a much wider range of diffraction
angles, and a faint satellite peak could be discerned. Be-
yond a load of 190 MPa, Figure 16(b2), a steady increase
in azimuthal width of the primary peak could be observed.
By 750 MPa, considerable peak splitting was observed, ac-
companied by an increase in intensity of the satellite peak.
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Figure 16: Evolution of diffraction peaks for both hydride containing samples, HL1 and HL2, during the applied load cycle. (a),(c) track
the (21¯1¯0) peak for HL1 and HL2 respectively. (b) tracks the (1¯1¯20) peak for HL1 (peak not visible for HL2). The number on each 2D plot
corresponds to the equivalent point in Figure 9 and the white arrows point towards the origin of each pattern.
Similar peak splitting is observed for the (1¯21¯0) reflection.
This rotation is consistent with rotation about the X and
Y axes (Figure 14(a)(b)), in different senses, by the mate-
rial immediately below the hydride packet. On unloading,
some of the splitting of the primary peak was observed to
relax away. The (22¯0)δ peak observed in Figure 16 shows
minimal change throughout loading, with only a slight in-
crease in radial streaking. Its increase in intensity can be
attributed to motion of the pillar relative to the beam as
the pillar is compressed.
For HL2, only the (21¯1¯0) peak was observed, and its
evolution through loading is considered in terms of its
three component peaks (I), (II) and (III), highlighted in
Figure 16(c1). At the beginning of loading, minimal peak
broadening was observed. An increase in (I) intensity was
observed as (III) intensity reduced at a load of approxi-
mately 400 MPa (c3). This is indicative of motion of the
beam location relative to the pillar height as it is com-
pressed. At 650 MPa, subsidiary peaks from the hydride
(II) and top part of the pillar (III) began to rotate away,
leaving the bottom portion of the pillar (I) undisturbed.
After unloading, much of this peak rotation again relaxed
back towards the initial configuration, leaving behind a
long, faint diffraction streak.
In addition, an increase in streaking towards/away from
the transmitted beam was observed in the (21¯1¯0) peak for
both HL1 and HL2 during loading. Weak in their inten-
sity relative to the primary peak, this is considered to be
a result of strain gradient accumulation due to the pres-
ence of geometrically necessary dislocations (GNDs), with
a smooth orientation gradient [29, 30], in the presence of
constraint due to the platens and built-in end.
SEM macrographs of HL1 and HL2 after loading, Fig-
ure 10(b2) and (c2), confirm the rotations observed via
diffraction. In HL1, Figure 10(b2) suggests that rotation
occurred around the hydride packet, consistent with the
minimal movement of the (22¯0) hydride peak. z-axis ro-
tation was also evident after compression yet this was not
observed in the peak behaviour during the majority of
loading. Therefore, it can be inferred that this rotation
occurred at the end of loading and/or only at the very top
of the pillar, above of the diffracting volume. For HL2,
Figure 10(c2) shows motion of the the hydride packet and
the material above. This is consistent with the observed
diffraction peak behaviour where a lone intense spot re-
mained in the original position (representative of the unde-
formed region at the base of the pillar) with the generated
sub-peak representing deformation of the pillar top.
3.3. TEM
TEM foils were removed by FIB milling in order to in-
vestigate deformation mechanisms. Figure 17 considers
hydride-containing pillar H1 after compression and dis-
plays high levels of deformation throughout. Dark-field
imaging using a cubic hydride peak was not able to fully
resolve individual hydride platelets but their characteris-
tic stacking nature can be clearly identified (c)(d). Re-
gions of increased hydride density, illuminated in (d) and
selectively outlined in red in (c)(d), appear to show exten-
sive strain contrast, possibly associated with dislocation
build-up. When compared to regions of negligible hydride
density, outlined in white in (c)(d), a reduction in appar-
ent deformation is observed. Asymmetric broadening of
the hydride diffraction spots, circled in Figure 17(b), is
visible for pillar H1 and is consistent with strain contrast
observed in Figure 17(c)(d).
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Figure 17: (a) Hydride-containing pillar H1, deformed in the SEM,
with box highlighting the location of the TEM foil removed by FIB
sectioning. (b) diffraction pattern from the hydride packet (red cir-
cles highlight peak streaking), (c, d) low magnification views of the
pillar in bright and dark field (BF/DF) imaging
TEM analysis from deformed hydride-containing pil-
lar H2 is shown in Figure 18. Individual hydride platelets
can be distinguished, in addition to two hydride packets
of different orientations, (1) and (2) in Figure 18(b), be-
ing revealed. Dislocations are more distinguishable within
the hydride platelets for H2 than for H1, Figure 18(c)(d),
and appear localised at both the packet-packet interface
and within the comprising platelets. This is consistent
with the strain contrast observed in H1. Considering the
two differently oriented hydride packets, it has been es-
tablished that (1) is oriented close to the [112] zone axis
whereas (2) is close to the [110]. The high resolution lat-
tice image in Figure 18(e) shows that there is no visible
zirconium matrix between the hydride packets. From Fig-
ure 18(f) it was found that the interface was formed by
(153¯)1//(2¯4¯4)2.
The high indices of the interface planes suggest a high
degree of incoherence, and may serve as a source of disloca-
tion generation. Similarly to H1, streaking of the diffrac-
tion spots for both hydride packets was also observed and
selected spots are circled in Figure 18(f). Diffraction spots
from both hydride packets have been further magnified
and display varying amounts of streaking, an indication
that the separate packets have undergone different de-
grees of deformation. The observations from both hydride-
containing pillars, in their compressed state, have there-
fore indicated that deformation within the hydride packets
1 µm
1 µm 500 nm
2 µm
10 nm
a) b)
c) d)
e) f )
(1)
(2)
(1) (2) (1) (2)
(1) (2)
Figure 18: (a) Hydride containing pillar H2, deformed in the SEM,
showing location of the TEM foil removed. (b-d) low magnification
view of the TEM foil, showing several distinct hydride platelets. (e)
High resolution phase contrast image of a ZrH packet-packet inter-
face, and (f) diffraction patterns from the ZrH packet-packet inter-
face (red circles highlight peak streaking).
may be possible.
Analysis of a further foil, removed from hydride-containing
pillar HL1, has shown internal twinning of the hydride
platelets, highlighting an additional mode of deformation
possible within packets, Figure 19. Figure 19(b) overlays
the diffraction patterns from both parent and twin hy-
drides and Figure 19(d) presents a high resolution image
of the parent/twin interface displaying the (1¯1¯1)P//(1¯11¯)T
orientation relationship. Multiple twins were observed across
the pillar, all displaying the same parent/twin relationship.
4. Discussion
Hydrides have generally been considered as non-shearable
precipitates, with documented fracture toughness values
being characteristic of extremely brittle materials at both
room temperature and 300◦C [31]. However, under com-
pressive loading, a degree of hydride ductility above 100◦C
has been observed [32–34]. A fundamental question has
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Figure 19: (a) TEM foil removed from hydride-containing in situ X-
ray Laue diffraction pillar HL1. (b) Diffraction pattern from the cen-
tre of the pillar region imaged (boxed), showing the hydride and twin.
(c-d) High resolution phase contrast imaging of defects within the
hydride platelet, at the parent/twin interface (P: Parent, T: Twin).
been whether the hydrides themselves are able to be pen-
etrated by dislocations or whether they are truly non-
shearable. Here, the behaviour of Zr micropillars contain-
ing intragranular hydride packets was examined.
During the in situ diffraction experiments, the non-
hydrided material produced relatively coherent, low mo-
saicity diffraction spots, whereas the hydride containing
pillars were found to produce much broader spots. Whilst
FIB damage may result in peak broadening [24], this is
unlikely to explain the difference between the non-hydride
and hydride-containing pillars observed here. We have
been able to attribute the subsidiary maxima to the pres-
ence of the hydrides in the packet and to rotation of the
orientation of the matrix above/below the hydride packet.
Since the precipitation of a hydride involves biaxial strain-
ing of the Zr matrix at the hydride-matrix interface [35, 36]
(with interfacial strains of 7.2% along [0001]α and 4.6%
along [112¯0]α being predicted [36]), there is likely to be
accompanying plastic deformation of the matrix. Due to
constraint of the matrix, a consequence of the associated
volume expansion, this deformation may result in local lat-
tice reorientation due to an excess of dislocations resulting
in broader matrix diffraction spots. There may also be
an effect of size broadening, particularly for the hydride
peaks.
For the hydride containing pillars, both in situ SEM
and diffraction experiments showed greater plastic defor-
mation of the accommodating matrix than the individual
hydride platelets and the macro hydride packets. In the
SEM, shear bands were observed to initiate in the ma-
trix and arrested at the hydride packet. Also, deformation
within the plane of a packet could be observed. In situ X-
ray Laue diffraction showed much more peak broadening
and rotation of the matrix (21¯1¯0) Zr peak phase than the
hydride (22¯0), but broadening of the hydride (22¯0) was
also observed, indicative of strain gradients within the hy-
dride platelets themselves. This behaviour is consistent
with TEM observations which showed the presence of de-
fects within the hydride platelets. Asymmetric broadening
of diffraction spots in Figures 17 and 18 and also suggested
induced plastic strain gradients in the hydride phase, con-
sistent with the microbeam Laue observations.
It therefore appears that hydrides can be sheared when
present in zirconium, at least in the extreme case of mi-
cropillar deformation examined here. Their effect on the
plastic behaviour of zirconium appears to increase both
its strength and extent of deformation anisotropy. That
is, shear within the plane of the microscopic platelets (be-
tween the platelets) may be possible yet the overall macro-
scopic packets can themselves act as barriers against fur-
ther propagation of shear bands initiated in the adjacent
matrix. This can cause individual grains to become vulner-
able to strain localisation, reducing the overall ductility of
the material. The detrimental effect of the hydrides, both
macroscopic packets and microscopic platelets, can there-
fore be considered as being largely due to the morphology
with which they form from the matrix.
5. Conclusions
The deformation response of Zircaloy-4 micropillars con-
taining hydride packets placed near the plane of maximum
shear has been investigated in situ using SEM combined
with synchrotron X-ray Laue microbeam diffraction and
post-mortem TEM analysis. The following conclusions can
be drawn.
1. Shear bands initiated in the matrix were observed
to arrest at the hydride packet, whilst in other pillars slip
bands within a packet could be observed. These indicate
that hydride packets are both strong out-of-plane but can
deform in-plane (between the hydride platelets).
2. A greater spread of orientations and strains could
be observed in the Laue diffraction patterns obtained from
hydride containing pillars than from the matrix material.
3. Twinning and shear bands could be observed in
pillars comprised of matrix material.
4. Hydride-containing pillars of the same orientation
showed plastic rotation in situ during deformation of the
hydride packet and the material above, which showed to
partially relax upon unloading.
5. TEM examination of the deformed pillars has sug-
gested that the hydrides, along with the matrix, can de-
form, with a greater density of dislocations being observed
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within and around the hydride packets. Internal twinning
of the hydrides was also observed.
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Appendix: Supplementary online information
Videos are provided online of the in situ SEM pillar
compression tests. The hydride-free pillar AR1 depicted
in Figure 4 is shown in Figure S1, and hydride-containing
pillars H1 (Figure 6) and H2 (Figure 7) are shown in Fig-
ures S2 and S3, respectively.
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